Objective B-type natriuretic peptide (BNP) is a cardiac hormone. The results of previous in vitro studies suggest that neurohumoral factors, and not only hemodynamic factors, may cause BNP secretion. In this study, we examined the impact of serum C-reactive protein (CRP) levels on the relationship between echocardiographic parameters and plasma BNP levels in patients with cardiovascular diseases.
Introduction
A-type natriuretic peptide (ANP) and B-type natriuretic peptide (BNP), also known as atrial and brain natriuretic peptides, respectively, are cardiac hormones with a wide range of potent biological effects, including vasodilation, natriuresis, and inhibition of the renin-angiotensin-aldosterone (RAA) and sympathetic nervous systems (1) (2) (3) (4) . We found that ANP is mainly secreted from the atria, and its secretion from the ventricles increases with increasing severity of heart failure (5, 6) . In contrast, BNP is selectively secreted from the ventricles, and the magnitude of secretion also varies as a function of the severity of heart failure (7-9). Moreover, BNP is rapidly secreted from infarcted ventricles and from ventricles subjected to acute overload (10, 11) . Therefore, the plasma levels of BNP may be clinically useful biochemical markers of heart failure (12) (13) (14) . Stretch is an important stimulating factor for ANP and BNP secretion (5) (6) (7) (8) (9) . In addition, we reported that the secretion of ANP and BNP from the ventricles is mainly regulated by ventricular cavity size and would dovetail with Laplace's law (15) .
In vitro studies conducted by us and others have shown that not only hemodynamic factors but also neurohumoral factors activated during heart failure, such as angiotensin II, endothelin, and cytokines, cause BNP secretion (11, (16) (17) (18) . We have previously shown that among the cytokines, interleukin-1beta (IL-1β) is a strong stimulator of BNP secretion in neonatal rat cardiocytes (16) .
In intensive or coronary care units, generalized inflammation often occurs in cardiovascular disease patients together with diverse disorders such as infectious diseases, hemorrhagic diseases, infarction, cancer, burn, trauma, postoperation shock, and others. The host response to these infections and other forms of tissue injury has been termed systemic inflammatory response syndrome, and cytokines play a major role in its process (19) . Thus, together with cardiac dysfunction, plasma BNP levels may be augmented by cytokines and other factors in patients with systemic inflammation.
C-reactive protein (CRP) is a plasma protein that is called acute phase reactants because of a pronounced rise in concentration after tissue injury or inflammation. Interleukin-6 and tumor necrosis factor-alpha are inflammatory cytokines and main inducers of CRP secretion in the liver. Furthermore, minor elevations of CRP are predictive of cardiovascular events in patients with coronary heart disease (20) (21) (22) (23) . Therefore, CRP is not only a marker of acute or chronic systemic inflammation but also a marker of atherosclerosis (24) (25) (26) (27) . It can amplify the anti-inflammatory response through complement and endothelial cell activation as well as tissue damage (28) .
Plasma BNP measurement is used for early assessment of heart failure. Many previous reports revealed that plasma BNP level was significantly associated with poor prognosis in patients with heart failure (10, 12, (29) (30) (31) (32) (33) (34) (35) (36) . However, the precise reasons for the high sensitivity of BNP with regard to prognosis have not been clarified. If there is a close correlation between plasma BNP and serum CRP levels, the close correlation between high plasma BNP levels and prognosis can be partly explained by the fact that the serum CRP level is a sensitive prognostic marker, as mentioned above (20) (21) (22) (23) .
To investigate whether plasma BNP levels are affected by systemic inflammation, we examined the relationship between plasma BNP and serum CRP levels in patients who visited our cardiovascular units.
Methods

Study population
The study population comprised 420 consecutive patients who visited our cardiovascular unit at The Jikei University Hospital between January 1st, 2006 and December 31st, 2008 for any reason. However, we excluded 3 patients who visited due to pneumonia as a main diagnosis from the statistical analysis in order to avoid overestimation of inflammation on plasma BNP levels. Both blood sampling and echocardiography were performed within one month. The study protocol (21-285 [6163] ) was approved by the ethics committee of The Jikei University.
Plasma BNP and serum CRP measurements
A central laboratory examination for biological analyses was used in our hospital. Whole blood (5 mL) was collected in tubes containing potassium EDTA (1 mg/mL blood). Plasma BNP was determined within 24 hour before and after admission by a rapid enzyme-linked immunosorbent assay (ELISA) (non-extracted) using an antibody to human BNP (Shionogi Co., Ltd., Tokyo, Japan). Serum CRP was measured by a latex agglutination immunoassay method (Mitsubishi Chemical Medience Corporation, Tokyo, Japan).
Echocardiographic examination
As an outpatient procedure or on admission, cardiologists performed echocardiography for all patients. Left ventricular ejection fraction (LVEF), left ventricular end-diastolic dimension (LVDd), left ventricular end-systolic dimension (LVDs), fractional shortening (FS), left atrial dimension (LAD), interventricular septum (IVS) dimension, and posterior wall (PW) dimension were measured on M-mode images. Left ventricular mass index (LVMI) and body surface area (BSA) were calculated using the following Devereux equation (37) 
Definition of diseases
The underlying disease was determined for each patient. Patients with hypertension, diabetes, and those on dialysis were diagnosed previously and were undergoing treatment before admission. Renal dysfunction was defined as estimated GFR (eGFR), which was calculated according to the Modification of Diet in Renal Disease equation (39) with coefficients modified for Japanese patients (40) : eGFR (mL/ min/1.73 m 2 ) =194× age -0.287 × (Serum creatinine) -1.094 (and × 0.739 for females). The underlying diseases were categorized as ischemic heart, valvular, aortic, and infectious heart diseases as well as arrhythmia, cardiomyopathy, thrombosis, and others. Ischemic heart diseases included acute coronary syndrome or patients undergoing coronary angiography or percutaneous coronary intervention. Valvular disease included heart failure caused by moderate valvular disease and patients scheduled for surgery. Arrhythmia included a need for catheter ablation, an implantable cardioverterdefibrillator, cardiac resynchronization therapy, and patients with a pacemaker or syncope. Cardiomyopathy was defined as being diagnosed before admission and undergoing treatment or diagnosed after admission, excluding ischemic cardiomyopathy. Infectious heart disease included pericarditis, myocarditis, and infectious endocarditis. Thrombosis included pulmonary thromboembolism and deep vein throm- bosis. Aortic disease included acute aortic dissection. Others included basal heart disease and conditions not stated above.
Based on height and weight on admission, body mass index (BMI) was calculated as weight divided by the square of the height.
Statistical analysis
Continuous variables were expressed as mean ± SD. Correlation analysis between plasma BNP levels and other various measurements was expressed as Pearson's correlation coefficient and to adjust for other confounding variables, multiple linear regression analysis was performed. The comparison of four groups was performed by using analysis of variance test (ANOVA) and two groups or conditions were compared using Mann-Whitney U test or Pearson's chisquare test where necessary.
To examine whether the serum CRP levels had a statistically significant impact on the relationship between plasma BNP levels and LVDs, multiple linear regression analysis was employed in which the dependent variable was plasma BNP levels and the explanatory variables were LVDs, serum CRP levels, and the interaction term between LVDs and serum CRP levels (LVDs × CRP). We present the scatter plots by serum CRP levels to illustrate the modification of the relationship between plasma BNP levels and LVDs.
For the purpose of accuracy, multiple regression analyses were additionally performed to examine the relationship of plasma BNP levels with other echocardiographic data such as LVDd, FS and LVMI. Furthermore, the sub-group analyses were subsequently performed; first, we recruited the non-arrhythmia group consisting of 202 patients to avoid possible influences of arrhythmia its self; secondly, we recruited the heart failure group consisting of 102 patients to examine whether our conclusion was adequate in the heart failure only population. The heart failure population was tentatively set by the criteria of plasma BNP levels over 100 pg/mL or LVEF less than 50% in this study.
All tests were two-tailed, and p<0.05 was considered statistically significant.
Results
Study population
The baseline characteristics of the study population in the present study (n=417) are shown in Table 1 . Plasma BNP levels ranged widely, with a mean level of 192.1 ± 536.9 pg/mL. Table 2 shows the results of single regression analysis and multiple regression analysis for determining plasma BNP levels. In the analysis, all parameters except for BMI were significantly associated with the plasma BNP levels. The plasma BNP levels were negatively correlated with male gender, BMI, and eGFR, and positively correlated with serum CRP level and LVDs. Among echocardiographic parameters, LVDs was the only significant parameter. Figure 1 shows a significant linear correlation between LVDs and plasma BNP levels as explained with the correlation coefficient at 0.588 (r) in the entire study population (p<0.001, n= 417). 
Single regression analysis and multiple regression analysis for plasma BNP level determination
Quartile analysis assessing the relationship between LVDs and plasma BNP levels
The study population was split into four groups according to quartiles of serum CRP levels. The groups were defined as follows: group 1, CRP <0.04; group 2, 0.07> CRP ! 0.04; group 3, 0.24> CRP !0.07; and group 4, CRP ! 0.24. The clinical characteristics of each group are shown in Table 3 . Figure 2 shows the linear regression lines between LVDs and plasma BNP levels for each group. The regression was statistically significant for groups 2, 3, and 4. The regression lines became steeper, with the regression line for group 3 being steeper than that for group 2 and the regression line for group 4 being particularly precipitous compared to that for the other groups. Table 3 shows the clinical characteristics of the study population when divided into two groups, i.e., group 4 comprising patients with serum CRP levels above the 75th percentile and groups 1-3 including all other patients. The results of the analysis show that plasma BNP levels and LVDs were much higher in group 4 than in the combined groups 1-3 (BNP, 65.6 ± 155.6 pg/mL vs. 578.0 ± 949.6 pg/mL; LVDs, 30.4 ± 5.5 vs. 35.4 ± 11.8 mm; p<0.001, p=0.001 respectively). Figure 3 shows the linear regression lines between LVDs and plasma BNP levels in the combined groups 1-3 and group 4. At a glance, the regression line appeared much steeper for group 4 than for the combined groups 1-3.
Comparison of clinical characteristics between patients in group 4 and all other patients
Multiple linear regression analysis for determining a possible impact of serum CRP levels on the relationship between LVDs and plasma BNP levels
Multiple linear regression analysis was performed to determine whether serum CRP levels have a statistically significant impact on the relationship between LVDs and plasma BNP levels ( Table 4 ). The statistical analysis in- cluded LVDs, CRP, and its interaction term (LVDs × CRP) as independent predictors of the dependent variable for plasma BNP level. As a result, each independent parameter was statistically significant (p<0.001), suggesting that the relationship between LVDs and plasma BNP levels is significantly modified by serum CRP levels. In additional analyses, multiple regression analyses were performed to examine the relationship of plasma BNP levels with other data such as LVDd, FS and LVMI. As shown in Table 5 , there was a significant relationship between plasma BNP and each parameter.
Also, we performed sub-group analyses in the group of non-arrhythmia group (n=202) and in the only heart failure group (n=102). As shown in Table 6 , the result was similar to that of the total group analysis (n=417).
Discussion
It is well known that plasma BNP level is a marker for heart failure and that BNP secretion from the heart is regulated by cardiac dysfunction (7) (8) (9) . However, several in vitro analyses have also shown that many neurohumoral factors are related to the secretion of BNP (11, (16) (17) (18) . In line with these results, the secretion of BNP may be augmented in heart failure patients in conjunction with inflammation due to any cause. However, such clinical investigations have not been conducted. In this study, we examined whether plasma BNP levels change in relation to serum CRP levels, and not only hemodynamic parameters, in patients visiting cardiovascular units. The results of the present study confirmed that plasma BNP levels are significantly associated with aggravation of hemodynamic parameters in patients with heart failure.
In this study, LVDs tended to be strongly associated with plasma BNP levels rather than other echocardiographic parameters, which is similar to the results of a previous study (9) . Although we used LVDs as a marker of cardiac function in this main analysis, it is quite natural that the plasma BNP levels would be significantly associated with other parameters such as LVDd, LVMI, and LVEF (FS). In order to confirm we added supplementary data (Table 5) ; a similar result was obtained when using each parameter of LVDs, LVMI or LVEF (FS).
Before beginning this study, we postulated that inflammation affects plasma BNP levels only in patients with high serum CRP levels. However, dividing the population into four groups, we found that low grade inflammation affected the relationship between LVDs and plasma BNP levels in patients with CRP levels above the 75th percentile. Furthermore, among all other groups, there was a tendency for serum CRP levels to affect the relationship between LVDs and plasma BNP levels, although this was not statistically significant for group 1. If we increase the size of the study population, the statistical analysis may change. However, the size of the present study population may be large enough to conclude that low-grade inflammation by itself affects the plasma BNP levels independent of hemodynamic dysfunction.
It is important to determine the mechanism(s) responsible for the effect of inflammation on increased plasma BNP lev- els. Many inflammatory molecules, including the RAA system, sympathetic nervous system, and cytokines, may contribute to the mechanism. For instance, IL-1β is a proinflammatory cytokine with a wide range of effects on many different cell types (41, 42) . In addition, IL-1β has been reported to partially regulate the BNP promoter through p38 kinase, a member of the MAP kinase family in myocytes (43) . In an experimental study using neonatal rat ventricles, we showed that IL-1β strongly augments the secretion of BNP (18) . It is well known that cardiotrophin-1, leukemia inhibitory factor, and others are important activators of BNP through gp130 and its transcription pathway (44) . Furthermore, oxidative stress induces the secretion of BNP through re-expression of fatal gene programs and the apoptosis process in cardiomyocytes (45) . DNA of BNP has an AT-rich sequence in the 3'-untranslated region, which destabilizes mRNA (11, 28) . For this reason, BNP is considered to be an acute-phase reactant in response to acute tissue injuries, which is reflected by the serum CRP levels (10, 11, (46) (47) (48) . On the other hand, ANP does not have similar DNA sequences. Indeed, we preliminarily analyzed the influences of inflammation on the plasma ANP levels, and the results of the analysis showed that serum CRP level was significantly associated with plasma levels of BNP but not with those of ANP, although LVDs was significantly correlated with plasma levels of both ANP and BNP (data not shown).
A close correlation between plasma BNP levels and the prognosis of patients with heart failure has been demonstrated in many previous reports (10, 12, (29) (30) (31) (32) (33) (34) (35) (36) . In our long-term follow-up study of patients with acute myocardial infarction (AMI), plasma BNP levels measured at an early stage were significantly associated with the prognosis in patients with AMI (10) . Although the statistical significance of hemodynamic parameters, such as LVEF, with regard to prognosis disappeared after a long follow-up period, only plasma BNP was a significant indicator of prognosis. In a series of studies including patients with non-ischemic heart failure, plasma BNP level was a significant indicator of prognosis compared to other factors (49) . Furthermore, Wang et al reported a relationship between the prognosis of persons without heart failure and plasma BNP levels (30) . Plasma BNP levels above the 80th percentile (20.0 pg/mL for men and 23.3 pg/mL for women) were associated with death, a first major cardiovascular event, atrial fibrillation, stroke or transient ischemic attack, and heart failure. Excess risk was apparent at low plasma BNP levels. Therefore, plasma BNP is universally accepted to be useful for assessing prognosis in patients with heart failure and possibly in the general population.
Compared to that of other hemodynamic parameters, the sensitivity of plasma BNP levels to prognosis is noteworthy (29) . This result may be observed because BNP is a hormone that is complementarily secreted after hemodynamic deterioration in heart failure in order to improve the condition after heart failure by natriuretic action as well as vaso- Non-arrhythmia group (A) was eliminated patients with arrhythmias and heart failure group (B) was tentatively selected by the criteria of plasma BNP levels over 100 pg/mL or LVEF less than 50% in this study, respectively.
BNP, B-type natriuretic peptide; CRP, C-reacting protein; LVDs, left ventricular end-systolic dimension dilating and inhibitory actions of RAA and sympathetic nervous systems (50, 51) . However, the present study showed that plasma BNP levels were substantially affected by low-grade inflammation. Since it is accepted that serum CRP levels are significantly associated with the prognosis of patients with cardiovascular diseases (20) (21) (22) (23) , it should also be accepted that plasma BNP levels are sensitive to prognosis. At present, the assessment of plasma BNP levels is applied to early detection, differential diagnosis, and assessment of heart failure severity as well as assessments of the effects of therapy and the prognosis of patients with heart failure (5-17). The scope of its clinical application should further expand, but the perception of discrepancies between plasma BNP level and the actual severity of heart failure according to inflammation has compromised the clinical significance of BNP and contributed to the prevailing perception that BNP is a rather unreliable marker of heart failure. However, we suggest that plasma BNP level be considered as a marker of collective conditions of hemodynamic dysfunction, inflammation, and prognosis. Thus, we highly recommend measurement of plasma BNP in clinical practice.
In this study, we preliminarily excluded 3 patients admitted with severe pneumonia in order to avoid overestimation of inflammation on plasma BNP levels; however, when using the whole study population of 420 consecutive patients, the conclusion was almost the same (data not shown).
Finally, in order to confirm our conclusion, sub-group analyses were additionally performed. We recruited the nonarrhythmia group (n=202) to exclude possible influences of arrhythmia itself; also, we recruited the heart failure group (n=102) to examine whether our conclusion was adequate in the heart failure only population. As shown in Table 6 , the results were nearly similar to the main results using all of the study population (n=417).
In conclusion, plasma BNP levels were increased in relation to the severity of heart failure and were also affected by low-grade inflammation. The prognosis of heart failure would generally be regulated by not only the degree of cardiac dysfunction but also other factors including systemic inflammation. Thus, plasma BNP level may be considered a collective or total marker of life-threatening conditions in patients with heart failure.
